D
endritic cell (DC) maturation and activation are pivotal events in the control of innate and adaptive immunity. Myeloid DCs develop from CD11c ϩ precursor cells and undergo maturation and activation in response to several stimuli, such as pathogenassociated products [e.g., lipopolysaccharide (LPS)], endogenous ''danger'' signals (e.g., TNF-␣), and activated T cells. DC maturation typically is characterized by up-regulation of MHC class II and costimulatory molecules and by production of IL-12 (1) (2) (3) . Ig-like transcripts (ILTs, also referred to as LILR, LIR, and CD85) represent an Ig type of activating and inhibitory receptors that are involved in regulation of immune cell activation and control the function of immune cells. ILT2 and ILT4 receptors, the most characterized immune inhibitory receptors, are expressed predominantly on myeloid DCs (4) (5) (6) . The expression of ILTs on DCs is tightly regulated by inflammatory stimuli, cytokines, and growth factors and is down-regulated after DC activation (7) . The preferential ligand for most of the ILTs is HLA-G. HLA-G is characterized by tissue-restricted expression and limited polymorphisms and is found in seven isoforms (HLA-G1 to HLA-G7, of which HLA-G5, HLA-G6, and HLA-G7 are soluble isoforms) (8) (9) (10) (11) . Recently, HLA-G dimers were discovered when recombinant HLA-G protein was generated in vitro (12) . Dimers were then observed on the surface of transfected cells (12, 13) , choriocarcinoma JEG-3 cells (13, 14) , and normal trophoblast cells (15) . The role of these trophoblastic HLA-G dimers in the modulation of maternal immunocompetent cells, especially DCs, remains unknown. Therefore, evaluation of the efficiency of the different forms of HLA-G to induce inhibitory signaling will provide crucial information to understand the molecular and cellular mechanisms of modulation of DCs and to design better strategies for targeting immune responses. Ligation or cross-linking of inhibitory ILT receptors on transfected RBL cells resulted in tyrosine phosphorylation of receptors and recruitment of the SH2-containing tyrosine phosphatase SHP-1 (16) . The existence of three potential consensus sequences for phosphorylation by Src family tyrosine kinases in the cytoplasmic tail of ILT4 suggested that molecules different from SHP-1 might interact with this receptor in a phosphotyrosinedependent manner, especially in additional signaling pathways such as activation/differentiation of DCs. SHPs are involved in regulation of cytokine production and the cytokine-receptor signaling pathway. Generally, SHP-1 and SHP-2 perform opposing roles in signaling processes; SHP-1 acts as a negative regulator of transduction in hematopoietic cells, whereas SHP-2 acts as a positive regulator. It has been recently discovered that SHP-2 acts to promote IL-6 production via the NF-B pathway in a mitogenactivated protein (MAP) kinase-independent manner (17) . The maintenance of immature or tolerogenic DCs is mediated by several factors, and IL-6 plays a major role in the control of DC differentiation. It has been shown that this maintenance correlates with IL-6-induced STAT3 activation (18, 19) . Naïve IL-6-deficient mice have decreased numbers of immature DCs and increased numbers of mature DCs in the lymph nodes compared with their wild-type littermates (18) . These mice also have a decreased number of activated/mature DCs in the spleen after LPS stimulation. Here, we present evidence that triggering of ILT4 in vitro and in vivo by certain isoforms of HLA-G phosphorylates ILT4 receptor, recruits SHP-1 and SHP-2, up-regulates the expression of IL-6, and down-regulates the differentiation of DCs via the IL-6-STAT3 pathway.
Results

HLA-G5 Dimer and HLA-G1 Tetramer Induce Strong ILT-Mediated
Signaling in Vitro. We have analyzed the formation and induction of efficiency of ILT-mediated signaling by HLA-G5 monomer (HLA-G5m) and HLA-G5 dimer (HLA-G5d) by using supernatant from an HLA-negative cell line transfected with HLA-G5. HLA-G5 monomer was purified, and the gel filtration chromatogram showed a single peak corresponding to the expected molecular mass of 49 kDa (data not shown). It has been demonstrated that several factors, including the concentration of monomer, low temperature, or DTT, affect the dimerization of HLA-G (12) (13) (14) 20) . Size exclusion chromatography of HLAG5m incubated at 4°C for 7 days showed the presence of two peaks, one corresponding to the molecular mass of 49 kDa and the other corresponding to approximately twice that (Fig. 1A) . Using an HLA-G-specific mAb we detected the presence of two bands under nonreducing conditions, one of Ϸ37 kDa, the expected molecular mass of the heavy chain of the soluble form of HLA-G5, and the other Ϸ74 kDa, the expected molecular mass of dimerized HLA-G5 heavy chain (Fig. 1B) . However, only a small fraction (Ͻ10%) of the entire pool of HLA-G5 heavy chains exists in the dimerized form. The analysis of avidity of the different isoforms of HLA-G on ILT2-mediated signaling by using an NFAT-GFP reporter system showed minor stimulation of the reporter cells by HLA-G5m (Fig. 1C ). Even at a high concentration of 100 ng/ml HLA-G5m, only 5.6% Ϯ 0.86%, mean Ϯ SD, of total cells were GFP-positive, with a mean fluorescent intensity (MFI) of 7.8 Ϯ 0.9 (Fig. 1C) . In contrast, HLA-G5d remarkably enhanced ILT2-mediated signaling at a much lower concentration (2 ng/ml), and at 100 ng/ml 56.8% Ϯ 7.2% cells were GFP-positive (MFI ϭ 9.9 Ϯ 1.1), suggesting that the HLA-G5d form has more efficient signaling and similar efficacy to HLA-G1 tetrameric complexes (HLA-G1t) (Fig. 1C) . Our results indicate that the dimer form of HLA-G5 and the tetrameric complexes of HLA-G1 are potent to induce the most efficient ILT-mediated inhibitory signaling. (bm12) donor mice at different time points. Transgenic mice expressing ILT4 receptor exclusively on DCs have been described in ref. 21 . In addition, analysis of the key cytokines (IL-6, IL-10, and IL-12) involved in maturation/activation of DCs was evaluated by intracellular staining with cytokine-specific mAbs and flow cytometry. The number of mature/activated DCs that expressed high levels of MHC class II molecules and CD86 with elevated levels of IL-12 was decreased in lymph nodes from ILT4 mice targeted with HLA-G5d and HLA-G1t [supporting information (SI) Fig. S1 ]. In contrast, ILT4 mice treated with HLA-G5m had more activated/mature DCs and a phenotype similar to the DCs from ILT4 mice not treated with HLA-G (22) . Moreover, we observed that immature DCs from mice targeted with HLA-G1t and with HLA-G5d have enhanced expression of IL-6, demonstrated by the increased numbers of cells and capacity to secrete IL-6 (Fig. S1B ). These results further strengthen the hypothesis that different isoforms of HLA-G have distinct roles in suppression of maturation/activation of DCs through the ILT4 receptor.
Engagement of ILT4 by HLA-G Ligands Increases Transcriptional Levels of IL-6 in DCs.
To investigate the role of certain isoforms of HLA-G on the regulation of gene expression in ILT4-positive bone marrow-derived DCs (BMDCs), we analyzed the gene expression profiles of cells exposed to HLA-G ligands at different times by using the mouse dendritic and antigen-presenting cell Gene Array System (SuperArray Bioscience). The comparison between HLA-G5m-treated and nontreated ILT4-positive DCs shows that the expression levels of most transcripts were similar (Fig. 2A) . However, treatment of DCs with HLA-G5d or HLA-G1t affected several genes, the majority of which were down-regulated. These genes include chemokine ligand 3 (CCL3), myristoylated alanine-rich protein kinase C substrate (MARCKS), IFN-induced with tetratricopeptide repeats 1 (IFIT1), and histocompatibility class II locus DMa (H2-DMa). However, the expression levels of a very limited number of genes were up-regulated. These genes include guanylate nucleotide-binding protein 3 (GBP3) and CD36. The most frequent transcript was identified as IL-6 (8.9-fold and 9.3-fold increase by HLA-G5d and HLA-G1t, respectively; Fig. 2 A and  B) . RT-PCR analysis of ILT4-positive BMDCs revealed that IL-6 transcription can be detected in HLA-G1t-treated cells without stimulation with LPS but was considerably increased in the treated cells after maturation/activation with LPS ( Fig. 2 C  and D) . The same results were obtained with ILT4 BMDCs treated with HLA-G5d (data not shown). These data suggest that the transcriptional level of IL-6 on ILT4-positive DCs is mediated by particular isoforms of HLA-G and can be modified by LPS signaling. Fig. S2 ) and abolished the HLA-G1t-mediated inhibition of expression of MHC class II molecules on ILT4-positive DCs. A similar abolishing effect of neutralizing anti-IL-6 antibody was found on ILT4-positive DCs treated with HLA-G5d (data not shown). The treatment of DCs with neutralizing anti-IL-6 antibody has no effect on the number of cells that are positive for CD86 (Fig.  S2 Middle) . These data suggested that IL-6 plays a major role in the down-regulation of expression of MHC class II molecules by HLA-G and ILT4 on DCs.
The Arrest of Maturation/Activation of ILT-4-Positive DCs by HLA-G Is
Correlated with an Increase in STAT3 Activation, but Not in STAT1. It has been reported that IL-6 induces an inhibitory signal for DC maturation by triggering the activation of STAT3 molecules (18, 23) . To investigate the relationship between an increased level of IL-6 and STAT3 activation, we analyzed the phosphorylation of STAT3 molecules in ILT4-positive HLA-G-treated DCs. First, we observed that the treatment of ILT4-positive DCs with HLA-G1t induces phosphorylation of STAT3 molecules (Fig. 3  A, first 2 lanes, and B) . Additional stimulation of DCs with LPS increases the levels of STAT3 protein and enhances phosphorylation of STAT3 molecules (Fig. 3 A, next 4 lanes, and B) . No activation of STAT1 was detected in HLA-G1t-treated DCs without LPS stimulation and stimulated with LPS (Fig. 3C) . Similar data were observed in ILT4 DCs treated with HLA-G5d (data not shown). Together, these results demonstrate direct involvement of STAT3 activation in HLA-G-mediated arrest of maturation/activation of ILT4 DCs.
Engagement of ILT4 Receptors by HLA-G on DCs Results in Phosphorylation of ILT4 and Recruitment of SHP-1 and SHP-2 Protein Tyrosine
Phosphatases. Using different isoforms of HLA-G, we determined that ILT4 becomes phosphorylated after engagement of ILT4 receptor with HLA-G5d or HLA-G1t and recruits both SHP-1 and SHP-2 phosphatases (Fig. 3D) . Recently, it has been shown that C-terminal Src kinase (Csk) binds ILT2 and potentially regulates its function (24) . In addition, it has been shown that Csk plays an important role in LPS-induced signal transduction and IL-6 production in myeloid cells (25) . However, we did not detect the presence of Csk in ILT4 immunoprecipitates from DCs (data not shown). No phosphorylation of ILT4 receptor was determined on ILT4-positive DCs treated with HLA-G5m (data not shown).
Down-Regulation of SHP-2 Gene Expression, but Not SHP-1, Diminishes
Inhibitory Effect of HLA-G and ILT4 in DCs. To determine the role of SHPs recruited to phosphorylated ILT4 receptor after engagement with HLA-G on the level of IL-6 and on the differentiation of ILT4-positive DCs, we performed analyses with downregulated gene expression of these molecules by using short hairpin RNA (shRNA) knockdown technology. Using lentiviral transduction particles containing shRNAs for the target genes, we were able to down-regulate Ϸ70% of SHP-1 and Ϸ80% of SHP-2 gene expression in DCs, as detected by immunoblot analyses (Fig. 4A and B) . Knockdown of SHP-1 slightly reduces mRNA levels of IL-6 compared with nontarget control shRNA on ILT4-positive DCs treated with HLA-G1t (Fig. 4C) . In contrast, knockdown of SHP-2 resulted in 65% reduction of mRNA levels of IL-6 in cells treated with HLA-G1t, suggesting that SHP-2 plays a critical role for up-regulation of IL-6 in ILT4-positive DCs. In addition, we determined that downregulation of SHP-1 has very little effect on alteration of the reduced level of expression of MHC class II molecules mediated by HLA-G1t treatment of ILT4-positive DCs (Fig. 4D) . However, down-regulation of SHP-2 increases the level of MHC class II molecules on ILT4-positive DCs treated with HLA-G1t, suggesting that SHP-2 is a key molecule in diminishing the inhibitory effect of HLA-G and ILT4 in DCs. Based on these data, we propose a model of the potential role of SHP-2 and the IL-6-STAT3 pathway in down-regulation of expression of MHC class II molecules and control of DC differentiation by HLA-G and ILT4 (Fig. 5) .
Discussion
All DCs have a capacity for initiating tolerance or immunity; the distinction depends on the maturation or activation state of the DCs (26, 27) . The presence of powerful inhibitory receptors on DCs is indicative of their potential to control the activation or maturation of DCs and confer tolerogenic capacity. In this work, we used the ␤ 2 -microglobulin-associated forms of HLA-G ligands, which are the most important forms for ILT recognition (13, 28) . Our results demonstrate that HLA-G5 dimer and HLA-G1 tetrameric complexes have a similar capacity to induce an ILT-mediated inhibitory signal and modulation of DC activation and maturation. In contrast, HLA-G5 monomer neither triggers an ILT inhibitory signal nor modulates ILT4-positive DCs in vitro and in vivo. The precise role of different isoforms of HLA-G in the modulation of DCs depends on their concentration and conformation, affecting binding to a specific receptor. At least in vitro, the increasing concentration of HLA-G5 monomeric form significantly enhanced the formation of HLA-G5 dimer. Thus, in this situation, the ILT-mediated inhibitory signal occurs via the HLA-G5 dimer form because a high concentration of purified HLA-G5 monomer did not trigger the ILTmediated signal. It is most likely that the monomeric form of HLA-G5 plays an important function involving the control of angiogenesis. Monomeric HLA-G5 has been shown to bind an activating receptor, KIR2DL4, on human resting NK cells and trigger the expression of a set of chemokines and cytokines driving a proinflammatory/proangiogenic response (29) .
Signaling events downstream of the ILT4 receptor and their functional impact on DC maturation/activation are incompletely understood. The present work provides evidence that engagement of ILT4 by HLA-G ligand results in recruitment of both SHP-1 and SHP-2 phosphatases and involves the IL-6 -STAT3 pathway. Our previous data on the analysis of human DCs (21) and recent experiments with murine ILT4-positive DCs suggest that one of the major targets of the HLA-G and ILT4 interaction on DCs is MHC class II molecules. During maturation, DCs increase their surface expression of MHC class II molecules by severalfold. This increase is accompanied by a dramatic change in localization of MHC class II molecules, which are abundant in endosomal structures in immature DCs but are located mostly on the plasma membrane in mature DCs (30) . The control of the synthesis and degradation, trafficking, and peptide loading of MHC class II molecules, represent key mechanisms in antigen pre- sentation by DCs. Recently, it was discovered that the IL-6 -STAT3 pathway controls the intracellular MHC class II ␣␤ dimer level through cathepsin S activity in DCs (31) .
Although IL-6 is involved in the development of mature T and B cell responses, it does not have only proinflammatory properties. It was recently demonstrated that forced activation of cytokine IL-6 in DCs resulted in the development of immune suppressive tolerogenic DCs. IL-6 knockout mice had an increased number of mature DCs, indicating that IL-6 blocks DC maturation in vivo (18) . This observation corresponds to our findings that engagement of ILT4 on DCs by certain isoforms of HLA-G results in increasing the transcriptional and protein levels of IL-6 and conferring DCs with tolerogenic properties. The signaling pathway of IL-6 leads to the activation of STAT3 and STAT1. IL-6 activates STAT3 exclusively; when IL-6 levels were raised 10-to 100-fold, STAT1 activation was noted as well (19, 32) . In our work, treatment of ILT4-positive DCs with HLA-G1 tetramer and HLA-G5 dimer induced phosphorylation of STAT3. Additional stimulation of DCs with LPS increases the levels of STAT3 protein and enhances its phosphorylation. In contrast, no activation of STAT1 was detected. The experiments with knockdown of tyrosine phosphatases enable us to determine that SHP-2 is a key molecule involved in the increase of IL-6 by the HLA-G-ILT4 interaction on DCs during the maturation process that is mediated by LPS signaling. Because the HLA-G-ILT4 interaction on DCs especially targets MHC class II genes and does not affect the expression of MHC class I molecules, it is most likely that in ILT4-positive DCs, SHP-2 modulates the NF-B pathway in a MAP kinase-independent fashion in induction of IL-6. The exact molecular mechanisms of the induction of negative regulators of TLR4 signaling remain to be determined.
The mechanism proposed in Fig. 5 can be applied to control the maturation/activation of DCs via HLA-G-ILT4 in the absence of a strong inflammatory response and during a moderate signal through TLR4. This situation could be similar or equiv- production. IL-6 induces STAT3 activation, which decreases cystatin C level, the endogenous inhibitor of cathepsins, and enhanced cathepsin S activities. Cathepsin S decreased intracellular MHC class II ␣␤ dimer levels, invariant chain (Ii), and H2-DM molecule levels in DCs. The moderate signal generated through TLR4 leads to modest induction of IL-12 and IL-6, therefore additionally enhancing IL-6 production.
alent to a normal pregnancy or surgical procedure with tissue or organ transplantation. However, upon receiving a strong activated signal associated with a pathogen or inflammation, ILT4-positive DCs will most likely force a robust rise in IL-6 levels, which will result in activation of STAT3 and STAT1, conferring DCs with immune-stimulating properties.
In conclusion, our results demonstrate a HLA-G-based strategy used by different isoforms of HLA-G to down-regulate DC activation and function. The identification of a powerful HLA-G ligand that specifically targets ILT4 in DCs might be useful for certain clinical applications for the development of tolerogenic vaccines for the treatment of autoimmune diseases or induction and maintenance of transplantation tolerance.
Materials and Methods
Mice. C57BL/6 and B6.C-H-2 bm12 (bm12) were purchased from Jackson Laboratory. ILT4-transgenic mice have been described in ref. 21 . The use of animals for this work was approved by the animal care committee of the Medical College of Georgia.
Generation of HLA-G5 Monomer, HLA-G5 Dimer, and HLA-G1 Tetrameric Complexes Coupled to Polystyrene Microspheres. HLA-G5 was expressed and purified and HLA-G1 tetrameric complexes were generated as described in SI Experimental Procedures.
Antibodies and Flow Cytometry Analysis. DCs were stained with mAbs, and flow cytometry analysis was performed as described in SI Experimental Procedures.
RNA Isolation and DNA Microarray Analysis. Total RNA from BMDCs treated with HLA-G ligands was isolated, and DNA microarray analysis was conducted as described in SI Experimental Procedures.
shRNA-Targeted Protein Knockdown. pLKO.1-puro lentiviral vectors expressing nontarget control shRNA or one of five different SHP-1 shRNAs or one of five different SHP-2 shRNAs were purchased from Sigma-Aldrich. The production of lentiviral particles and the infection of BMDCs were performed as described in SI Experimental Procedures.
Immunoprecipitation and Western Blot Analysis. DCs (5 ϫ 10 6 ), untreated or treated with HLA-G ligands and LPS, were lysed followed by immunoprecipitation and Western blot analysis, as described in SI Experimental Procedures.
RT-PCR Analysis for Quantitation of IL-6 mRNA. Relative amounts of IL-6 mRNA were determined by semiquantitative RT-PCR followed by Southern blot analysis as described in SI Experimental Procedures.
Statistical Analysis. Where applicable, values were compared by the MannWhitney U test with Stata 7.0 software.
